Sympathetic hyperactivity has an important role in cardiovascular mortality in patients with type 2 diabetes (T2D). Thyrotropinreleasing hormone (TRH)-containing fibers innervate autonomic motor and premotor nuclei of the brainstem and spinal cord that regulate cardiovascular functions. We compared cardiovascular responses to application of TRH-analog in the brainstem of Wistar and T2D Goto-Kakizaki (GK) rats. GK rats exhibited basal systolic hypertension (152±2 mm Hg) and had a significantly potentiated, dose-related hypertensive response to intracisternal (i.c.) injection of the TRH-analog RX77368 (10-60 ng). In GK rats only, i.c. RX77368 (30-60 ng) markedly increased heart rate (HR; +88 b.p.m.) and induced acute cardiac mortality (100%), concurrent with extreme hyperglycemia (426 mmol l À1 ), increased plasma H 2 O 2 and 8-isoprostane, and enhanced heart expression of NADPH oxidase 4 and vascular cell adhesion molecule-1 mRNAs. GK rats also had elevated basal plasma epinephrine, higher adrenal gene expression of tyrosine hydroxylase and dopamine b-hydroxylase (DbH), and greater plasma catecholamine and adrenal DbH responses to i.c. TRH-analog, compared with Wistar rats. In GK rats, hexamethonium blocked i.c. RX77368-induced hypertensive and tachycardic responses, and reduced mortality by 86%, whereas phentolamine abolished the hypertensive response but enhanced tachycardia (+160 b.p.m.), and reduced mortality by 50%. The angiotensin II type 1 receptor antagonist irbesartan prevented i.c. RX77368-induced increases in blood pressure, HR and mortality. In conclusion, sympathetic overactivation triggered by brainstem TRH contributes to the mechanism of cardiovascular morbidity and mortality in T2D, which involves heightened cardiac inflammation and peripheral oxidative stress responses to sympathetic drive, and a mediating role of the renin-angiotensin system.
INTRODUCTION
Cardiovascular disease is the leading cause of mortality in patients with type 2 diabetes (T2D). T2D patients have a high incidence of hypertension and nonischemic heart failure, and worse outcomes in acute cardiovascular events compared with nondiabetic controls. 1,2 A key mechanism underlying cardiovascular disorders is an increase in sympathetic nerve activity. 3, 4 In addition to pathological cardiovascular changes due to inflammation and overactivity of the renin-angiotensin system, 2, [5] [6] [7] T2D is associated with autonomic dysregulation, including enhanced sympathetic neural drive and vagal impairment. This autonomic dysregulation contributes to increased blood pressure (BP), cardiac arrhythmias and atrial fibrillation, and the resulting progression to heart failure. [8] [9] [10] [11] [12] [13] Although autonomic imbalance in T2D has been extensively documented, the neural mechanisms underlying the sympathetic hyperactivity involved in high cardiac morbidity and mortality in T2D patients remains elusive.
Thyrotropin-releasing hormone (TRH) is a three amino-acid neuropeptide originally discovered in the hypothalamic paraventricular nucleus, where it regulates pituitary thyrotropin release. Other major loci of central TRH synthesis include the brainstem raphe nuclei, which project TRH-containing fibers to sympathetic and vagal motor neurons located respectively in the spinal intermediolateral cell column and the dorsal vagal complex consisting the nucleus tractus solitarius and the dorsal motor nucleus of the vagus (DMV). These areas are densely supplied with TRH-immunoreactive nerve terminals and TRH receptor 1. [14] [15] [16] TRH-containing fibers also innervate autonomic premotor loci, particularly the rostral ventrolateral medulla (RVLM), a brainstem sympathetic center that has a pivotal role in the autonomic control of cardiovascular function. [17] [18] [19] These TRH-innervated brainstem and spinal nuclei are important central components of the baroflex pathways. 3 Injection of TRH or its stable analog RX77368 into the brain ventricles increases both sympathetic and vagal motor output, inducing sympathetically driven hyperglycemia, hypertension and tachycardia, and vagal-mediated stimulation of gastric secretion/contractility and pancreatic insulin secretion. 17, [20] [21] [22] [23] [24] [25] Brainstem microinjection and intrathecal injection studies revealed that the pontine locus coeruleus, medullary RVLM and spinal intermediolateral cell column are key sites at which TRH acts to stimulate sympathetic output, 17, 20, 26, 27 whereas the dorsal motor nucleus of the vagus and nucleus ambiguus are among those responsible for the resulting stimulation of vagal efferent outflow. 28, 29 This TRH pathways appear to be important in responding to metabolic challenges, as brainstem TRH gene expression is upregulated by energy deficiency or increased energy demand, such as occurs in starvation, hypothermia and hypothyroidism. [30] [31] [32] The dual role of TRH-containing fibers in regulating both sympathetic and vagal outflow indicates that brainstem TRH has an important physiological role in balancing sympathovagal control of multiorgan visceral function to achieve metabolic homeostasis.
Dysfunction of brainstem TRH contributes to autonomic abnormalities in stress responses and diseases. For example, brainstem TRH is involved in the strong sympathovagal activation during acute cold exposure, resulting in gastric ulceration and in the autonomic disorders presenting in hypo-and hyperthyroidism. [31] [32] [33] [34] We recently established a role for disrupted autonomic responses to brainstem TRH receptor activation in diabetic pathophysiology, by demonstrating that an unbalanced 'sympathetic-over-vagal' excitation by brainstem TRH is responsible for the impaired insulin response to glucose in the Goto-Kakizaki (GK) rat, 17, 25 an inbred polygenetic model of spontaneous non-obese T2D with a wide range of abnormalities directly relevant to components of the cardiometabolic syndrome and diabetes complications. [35] [36] [37] The objective of the present study was to test the hypothesis that in T2D, brainstem TRH evokes exaggerated sympathetic activation that is responsible for the increased cardiovascular morbidity. Heart rate (HR), BP and indices of sympathetic-adrenal system activity, heart/plasma inflammation and oxidative stress were compared between nondiabetic Wistar rats and T2D GK rats under basal conditions and after intracisternal (i.c.) injection of the stable TRH-analog RX77368. Mechanisms responsible for the altered cardiovascular responses in GK rats were studied using pharmacological and molecular biological approaches.
METHODS Animals
Male nondiabetic Wistar rats (250-280 g) were purchased from Harlan Laboratories (San Diego, CA, USA) and maintained in the animal facilities of the Department of Veterans Affairs (VA) Greater Los Angeles Healthcare System (GLAHS) for 1 week before experiments. Sex-and weightmatched T2D GK rats were bred in the VA GLAHS animal facilities with a breeding protocol approved by the Institutional Animal Care and Use Committee (IACUC) of VA GLAHS, and were used at the age of 3 months when their body weights were 250-280 g. Rats were housed under controlled conditions (21-23 1C, light on from 0600 to 1800) with free access to standard rat chow (Prolab Lab Diet, PMI Nutrition International, Brentwood, MO, USA) and tap water. The animal study protocol was approved by the IACUC of VA GLAHS. All animal studies were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Chemicals
RX77368 (p-Glu-His-(3,3¢-dimethyl)-Pro-NH 2 , Reckitt and Colman, Kingston Upon Hull, UK) is a metabolically stable TRH-analog with potent and relatively long-lasting central effects compared with TRH in rats and mice. RX77368 was freshly diluted with normal saline, from aliquots (30 mg/50 ml in 0.1%BSA/ saline) stored at À80 1C. Hexamethonium chloride (Sigma Chemical Co., St Louis, MO, USA), a nicotinic acetylcholine receptor antagonist, and phentolamine (Sigma), a nonselective a-adrenergic antagonist, were freshly dissolved in normal saline. Irbesartan (Bristol-Meyers Squibb US Pharmaceuticals, Princeton, NJ, USA), an angiotensin II type 1 receptor blocker, was dissolved in water before administration by gavage.
Experimental procedure
Prior to the experiment, animals were acclimated to restraint in a rodent restrainer used for BP measurement three episodes per day and 10-15 min per episode for 3 days, in order to reduce the influence of restraint stress per se on HR and BP. On the day of experiment, non-fasted conscious rats were warmed (27-29 1C ambient) before the measurement of basal systolic BP and HR by tail cuff plethysmography (IITC Inc. Woodland Hills, CA, USA). Then, vehicle (normal saline, 10 ml) or RX77368 [10-60 ng (25-150 pmol) per 10 ml] were i.c. injected in rats under brief (2-3 min) isoflurane anesthesia. Animals awakened within 1 min, and BP and HR were measured at 30 min intervals thereafter for 120 min. In some groups, one of the following pretreatments was applied after basal BP/HR measurement and before i.c. injection at t¼0 min: hexamethonium chloride (10 mg kg À1 ) injected s.c. at À30 min; phentolamine (2 mg kg À1 ) injected i.p. at À30 min; irbesartan (50 mg kg À1 per 10 ml) administered by gavage at À60 min. At the end of the experiment, rats were deeply anesthetized with i.p. pentobarbital (75 mg kg À1 ) and 3 ml of blood was drawn from the superior mesenteric vein for measurement of circulating compounds. Blood glucose levels were measured using the One Touch Ultra Blood Glucose Monitoring System (Lifescan, Milpitas, CA, USA). Tissue from the left heart ventricle (50-100 mg) was collected for gene expression tests. For GK rats that survived o120 min after the i.c. injection, the blood and tissue collection were performed at the time of the death. Samples from GK rats receiving i.c. 60 ng RX77368 were not processed because of the difference in sample-collecting times due to early death.
In another three groups each of Wistar and GK rats, blood was collected by needle-punch from the capillary bed of the tail tip under basal conditions and 60 min after saline or RX77368 (25 or 50 ng) i.c. injection, for measuring plasma epinephrine and norepinephrine levels. The rats were then euthanized by pentobarbital overdose (100 mg kg À1 ), and adrenal glands were harvested for measuring gene expression of catecholamine-synthesizing enzymes.
Intracisternal injection
Isoflurane-anesthetized rats were individually positioned on a stereotaxic instrument (David Kopf Instruments, Tujunga, CA, USA, model 900). The needle of a Hamilton syringe was inserted through the skin, posterior atlantooccipital membrane, dura matter and the underlying arachnoid membrane into the cisterna magna. Successful insertion of the needle into the cisterna magma was verified by aspirating clear cerebrospinal fluid into the syringe before and after the injection of the tested substance.
Quantitative determination of mRNA expression in the heart and the adrenal glands Total RNAs were extracted from the harvested left heart ventricle tissue and bilateral adrenal glands using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Heart tissue complementary DNA was synthesized using the Omniscript RT system (Qiagen Inc., Valencia, CA, USA). Real-time PCR in heart samples was performed using TaqMan reagents (Applied Biosystems (ABI), Foster City, CA, USA) in an ABI 9300 Real-Time PCR System (ABI). TaqMan gene expression probes for NADPH oxidase 4 (NOX4), vascular cell adhesion molecule-1 (VCAM-1) and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were obtained from ABI. Standard curves for each gene of interest were constructed, and relative concentrations of each gene of interest were quantified and standardized to the internal GAPDH expression for that sample. Total RNA isolated from adrenal glands was reverse-transcribed using a QuantiTect Reverse Transcription Kit (Qiagen Inc.). The genes of interests were detected by PCR with 30 cycles of amplification. Primers used were: forward (F): 5¢-GCTACCGAGAGGACAGCATC-3¢, reverse (R): 5¢-GCACCATAAGCCTT CAGCTC-3¢ for adrenal tyrosine hydroxylase (TH); F: 5¢-TGAAGCCTG AGGTCTCCACT-3¢, R: 5¢-ACCGGCTTCTTCTGGGTAGT-3¢ for dopamine bhydroxylase (DbH); F: 5¢-AGCCTTCGACTGGAGTGTGT-3¢, R: 5¢-GGTC TCGGACCTCATAACCA-3¢ for phenylethanolamine N-methyltransferase; and F: 5¢-CAAGTTCAACGGCACAG-3¢, R: 5¢-GCCAGTAGACTCCACGACAT-3¢ for GAPDH. PCR products were analyzed by electrophoresis on a 1.5% agarose gel. The mRNA expression level was scanned and quantified using NIH imaging software (nih-image163, http://rsbweb.nih.gov/nih-image/ download.html).
Blood chemistry
Blood samples were collected into EDTA-containing tubes and separated plasma were stored at À80 1C. ELISA was used to measure levels of plasma epinephrine and norepinephrine (Rocky Mountain Diagnostics Inc., Colorado Springs, CO, USA), 8-isoprostane (Cayman, Ann Arbor, MI, USA) and monocyte chemotactic protein-1 (MCP-1, Assay Designs, Madison, WI, USA). Hydrogen peroxide (H 2 O 2 ) in plasma samples was determined using an Amplex Red assay (Molecular Probes, Eugene, OR, USA). Total plasma cholesterol was measured using the enzymatic colorimetric method (Wako Pure chemical Industries, Ltd, Richmond, VA, USA).
Statistical analysis
Data are expressed as mean ± s.e.m. for each experimental group. Statistical comparisons between group-mean values for Wistar and GK rats receiving the same treatment or between RX77368-treated and vehicle-treated rats of the same strain were performed using unpaired Student's t-test. Comparisons between values obtained before and after i.c. injection in the same group were performed using a paired Student's t-test. Comparisons of dose-related response to i.c. RX77368 between Wistar and GK rats were performed using two-way analysis of variance. All statistical tests were performed using SigmaStat 2.0 software (Aspire Software International, Ashburn, VA, USA). P-values o0.05 were considered statistically significant.
RESULTS
Dose-related BP, HR, cardiac mortality and blood glucose responses to i.c. TRH-analog RX77368 in T2D GK rats compared with nondiabetic Wistar rats Basal systolic BP in T2D GK rats was 152±2 mm Hg (n¼29) as compared with 124 ± 3 mm Hg (n¼29) in Wistar rats (Po0.05). There was no difference in basal HR between the two strains ( Figure 1 ). Figure 1 Time course of systolic blood pressure, heart rate and mortality in response to intracisternal (i.c.) injection of the stable thyrotropin-releasing hormone-analog RX77368 (10-60 ng) in nondiabetic Wistar and type 2 diabetic Goto-Kakizaki (GK) rats. Each point represents mean±s.e.m. of the number of rats indicated beside each line in the left panel (in the case of no mortality) or the number of surviving rats in the group at the time point. The numerator in a fraction in the graphs of the left panel indicates the number of rats expired in the previous interval and the denominator indicates the total number of rats in this group. *Po0.05 compared with the value for Wistar rats at the same time point. # Po0.05 compared with the basal levels of the same group.
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The TRH-analog RX77368 given i.c. at the dose of 10 or 20 ng did not significantly change systolic BP in either strain. However, there was a decrease in HR in Wistar rats (10 ng at 60 min) and an increase in GK rats (10 and 20 ng at 30 min), respectively ( Figure 1 ). After 20 ng RX77368 i.c., two of eight (25%) GK rats died, at 60 and 90 min, respectively, from acute congestive heart failure, characterized by pulmonary edema found in autopsy (Figure 1) . Injection of 30 ng RX77368 i.c. induced significant BP increases in both strains and, in GK rats only, a potent and long-lasting tachycardia (Figure 1 ). BP in GK rats remained elevated persistently until death in all rats. In contrast, in Wistar rats, BP did not exceed 170 mm Hg and declined from its peak at 120 min post-injection, without causing any cardiac mortality (Figure 1 ). The hypertensive response to 60 ng RX77368 i.c. was stronger than that to 30 ng in GK rats, but was similar in Wistar rats. At the 60 ng dose, four of five GK rats died within 60 min and the remaining rat by 90 min post-injection, while all the Wistar rats survived this treatment (Figure 1) . Clear doserelated responses to i.c. RX77368 were observed in the systolic BP at 60 min and HR at 30 min in both Wistar and GK rats. Due to the inability of the tail cuff technique to continuously monitor BP, the possibility of missing severe spikes in BP during these experiments cannot be excluded. Cardiac NOX4 and VCAM-1 mRNA responses to i.c. TRH-analog RX77368 in Wistar and GK rats In GK rats, basal cardiac mRNA levels of NOX4, an important source of reactive oxygen species production, were 30% higher than in Wistar rats (NOX4/GAPDH: 2.093 ± 0.076 vs. 1.608 ± 0.148, Po0.05), and VCAM-1, an indicator of vascular inflammation, was fourfold higher (VCAM-1/GAPDH: 1.445±0.160 vs. 0.354±0.034, Po0.05). Expression of these cardiac genes was not altered in Wistar rats following i.c. injection of RX77368 (10-60 ng) but was significantly elevated by three-to fourfold in GK rats, both compared with basal levels in GK rats and to Wistar controls post-injection (two-way analysis of variance, Figure 2 Figures 3a,b) . Plasma MCP-1 did not change in either Wistar or GK rats (Figure 3c ). RX77368 i.c. at 20 and 30 ng significantly reduced cholesterol levels by 68% and 75%, respectively, in Wistar rats but not in GK rats (Figure 3d ).
Sympathetic-adrenal system responses to i.c. TRH-analog RX77368 in Wistar and GK rats GK rats had significantly higher basal levels of plasma epinephrine compared with Wistar rats (0.52±0.19 vs. 0.04±0.01 ng ml À1 ). Basal norepinephrine was similar (1.18±0.41 vs. 0.89±0.11 ng ml À1 ) in Wistar rats and GK rats. At 60 min after 25 ng RX77368 i.c. injection, epinephrine and norepinephrine levels were significantly increased in both strains, but the effect was much more pronounced in GK rats, showing about threefold higher (epinephrine:2.06±0.29 ng ml À1 ; norepinephrine: 8.18 ± 0.95 ng ml À1 ) than in Wistar rats (epinephrine: 0.65 ± 0.18 ng ml À1 ; norepinephrine: 2.74 ± 0.24 ng ml À1 ), coincident with the changes in blood glucose levels.
Adrenal gland mRNA expression of TH, DbH and phenylethanolamine N-methyltransferase, which catalyze the first and rate-limiting step of catecholamine synthesis, dopamine conversion to norepinephrine, and norepinephrine conversion to epinephrine, respectively, were measured in rats 60 min after i.c. saline or 50 ng RX77368. In i.c. saline groups, adrenal TH mRNA levels in GK rats were more than double that in Wistar rats. RX77368 i.c. injection significantly enhanced adrenal TH mRNA expression in both strains. Although the relative increase was smaller in GK rats compared with that seen in Wistar rats due to the much higher basal levels in the former compared with the latter, the absolute levels of adrenal TH mRNA in GK rats post-injection was still 48% higher than that in Wistar controls (Figure 4) . DbH mRNA levels Figure 2 Cardiac mRNA expression of NAPDH oxidase 4 (NOX4) and vascular cell adhesion molecule-1 (VCAM-1) in response to intracisternal (i.c.) thyrotropin-releasing hormone-analog RX77368 in Wistar and GotoKakizaki (GK) rats. Each column represents mean±s.e.m. of the number of rats indicated at the bottom of the column at 120 min after i.c. injection for surviving rats or at the time of death for GK rats. Two-way analysis of variance showed significant differences between the responses in GK rats and Wistar rats (P¼0.001 for NOX4 and P¼0.007 for VCAM-1). *Po0.05 compared with Wistar rats receiving same treatment. # Po0.05 compared with the basal levels of the group. GAPDH, glyceraldehydes-3-phosphate dehydrogenase.
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H Yang et al were 37% higher after i.c. RX77368 in GK rats than they were following i.c. saline, resulting in an absolute level significantly higher, by 2.3-fold, than that seen following i.c. RX77368 in Wistar rats, whose DbH mRNA levels were unchanged by the treatment (Figure 4 ). Insignificant increases in adrenal phenylethanolamine N-methyltransferase mRNA levels were observed in both strains after i.c. RX77368 (Figure 4) .
Effects of pretreatment with hexamethonium or phentolamine on systolic BP, HR, blood glucose and mortality in response to i.c.
TRH-analog RX77368 in GK rats
Pretreatment of GK rats with the nicotinic receptor antagonist hexamethonium (10 mg kg À1 , s.c., À30 min) followed by i.c. saline injection resulted in a significant decrease (B40 mm Hg) in systolic Brainstem TRH and cardiovascular mortality in T2D H Yang et al BP that lasted for 90 min (Figure 5a ), whereas HR remained unchanged (Figure 5b ). RX77368 i.c. at 30 ng did not change systolic BP in hexamethonium-pretreated GK rats, in contrast to the decrease seen following i.c. saline, while slightly increased HR that reached statistical significance only at 120 min (Figure 5b) . Following hexamethonium pretreatment, mortality was reduced to one in seven GK rats (14%), compared with five of five GK rats (100%) in the nonpretreatment group (Figure 5a) . The hyperglycemic response of GK rats to 30 ng RX77368 i.c. was also significantly reduced by the hexamethonium pretreatment ( Figure 5) .
Pretreatment with the nonselective a-adrenergic antagonist phentolamine (2 mg kg À1 , i.p., À30 min) in GK rats followed by i.c. saline resulted in a nonsignificant reduction in systolic BP at 30 min (Figure 5c ). HR increased slightly but was not significantly different from basal levels (Figure 5d ). Phentolamine pretreatment completely prevented the hypertensive effect of i.c. 30 ng RX77368 in GK rats, and significantly potentiated the tachycardic effect at 60 min (Figures 5c,  d ). The cardiac mortality induced by i.c. 30 ng RX7738 in GK rats dropped from 100% in non-pretreated animals to 50% in phentolamine pretreated animals, and the hyperglycemic response was completely abolished ( Figure 5 ).
Effects of pretreatment with irbesartan on systolic BP, HR, blood glucose and mortality in response to i.c. TRH-analog RX77368 in GK rats Pretreatment with irbesartan (50 mg kg À1 by gavage, À60 min), an angiotensin II type 1 receptor antagonist, prevented the hypertensive and tachycardic responses to 30 ng RX77368 i.c. in GK rats ( Figure 6 ). Compared with the 100% mortality in non-pretreatment group, all irbesartan-pretreated rats survived at the end of the experiment. The hyperglycemic response to i.c. injected RX77368 was reduced (23.7±2.6 vs. 33.2±1.3 mmol l À1 , P¼0.05) compared with non-pretreated GK rats.
DISCUSSION
Cardiovascular function is tightly regulated by the brain via exquisitely precise reflexes, which ensure prompt adjustments in sympathetic and parasympathetic outflow to the heart and blood vessels. Previous findings show that TRH acts in specific pontine, medullary and spinal cord nuclei comprising baroreflex pathways to regulate sympathetic and vagal motor output. 20, 22, 28, 29, 38, 39 The moderate cardiovascular changes evoked by i.c. TRH-analog in nondiabetic Wistar rats reflect normal autonomic reflex control with balanced sympathovagal efferent responses, which maintain cardiovascular functions within relatively normal ranges. By contrast, the extreme cardiovascular responses to i.c. injected TRH-analog in T2D GK rats clearly indicates an abnormally profound sympathetic overactivation. As indicated by the ameliorative effect of adrenergic antagonist pretreatment, the acute heart failure occurring in GK rats results from the combined effect of increased peripheral resistance, because of a-adrenergic-mediated vascular contraction, and increased cardiac activity, because of b-adrenergic-mediated excitation. The persistent increases in systolic BP and HR after i.c. TRH-analog in GK rats indicate that in addition to the sympathetic overactivation there was an impaired vagal counter regulation.
Sympathetic outflow to the cardiovascular system under strong baroreceptor control is regulated through a key site in the brainstem, the RVLM, including the C1 area, which contains a group of catecholamine-synthesizing neurons. 40 Recently, we found that the RVLM is richly innervated with prepro-TRH-immunoreactive nerve terminals that form putative axodendritic and axosomatic interactions with TH-positive neurons. 17 In addition, TRH-analog RX77368 microinjected into the C1 area of the RVLM induced remarkably potentiated hyperglycemic responses in GK rats, compared with Wistar rats. 17 This latter observation suggests that overactivation of the catecholamine-synthesizing neurons in the RVLM may be involved in the mechanism of sympathetic hyperactivity in GK rats after i.c. TRHanalog injection, and possibly under basal conditions as well. Extensive studies have firmly established the physiological and pathophysiological roles of brainstem TRH in autonomic regulation. 17, [20] [21] [22] [23] [24] [25] 28, 29 The present data indicate that these brainstem pathways are likely critically involved in the cardiovascular autonomic dysregulation in T2D. However, due to the potential spread of TRH-analog through the ventricular system following i.c. injection, it is possible that in addition to exerting brainstem pathways, other effects of the injection may have resulted via TRH action at more rostral sties, including hypothalamic sites. 41 Further studies will be needed to define the role of particular nuclei in each aspect of the sympathetic hyperactivity that has been shown here to be involved in the cardiovascular mortality evoked by i.c. TRH-analog in GK rats, and to assess the role of endogenous brainstem TRH signaling in the persistent sympathetic hyperactivities and impaired vagal activation present in diabetes.
A curious observation of the present study was that GK rats in the BP measurement studies appeared more susceptible to developing heart failure in response to i.c. RX77368 (rats received 20-30 ng RX77368 i.c.) than were GK rats in the studies in which blood and tissues were harvested (rats received i.c. 25 or 50 ng RX77368). This is likely due to enhanced sympathetic reactivity to the higher ambient temperatures and the restraint required for cuff plethysmography in the BP measurement study.
Increased sympathetic activity is associated with multiple organsmediated metabolic abnormalities in T2D. [8] [9] [10] The role of brainstem TRH in disturbed autonomic balance has been previously evidenced in the impaired insulin response to hyperglycemia in GK rats. 25 Peripheral inflammation, oxidative stress, dyslipidemia and altered renin-angiotensin system function have important roles in the pathology of obesity, T2D and hypertension, and are all associated with overactivation of adrenal-sympathetic functions. 3, [42] [43] [44] These factors may also contribute to the fatal cardiovascular responses to i.c. injection of TRH-analog observed here in GK rats. Basal heart mRNA levels of NOX4 and VCAM-1, indicators of vascular inflammation, were significantly higher in GK rats than in Wistar rats. TRHanalog i.c. injection in GK rats further significantly elevated cardiac mRNA levels of NOX4 and VCAM-1, and in addition, increased plasma levels of H 2 O 2 and 8-isoprostane. Plasma cholesterol was decreased by i.c. TRH-analog in Wistar rats but remained high in GK rats. These findings suggest that i.c. TRH-analog-induced lethal cardiovascular responses in T2D GK rats is associated with an acutely elevated sympathetic-adrenal activation superimposed over a prevailing state of peripheral inflammation, oxidative stress and dyslipidemia, pathological changes related to chronic sympathetic overactivation. Because GAPDH is involved in glycolysis and its gene expression in certain tissues may change in diabetic conditions, 45, 46 further studies using other housekeeping genes, such as bactin, will be needed to further validate the present data. It is well established that abnormal angiotensin II function is involved in cardiovascular dysregulation, including angiotensin II actions in the forebrain and brainstem to activate sympathetic premotor neurons. 3 Pretreatment with the angiotensin type 1 receptor blocker irbesartan prevented the cardiac mortality in GK rats, suggesting an important mediating role of angiotensin system in the cardiovascular effects of i.c. TRH-analog. Taken together, the present data suggest that sympathetic overactivation by brainstem TRH, resulting in sympathovagal imbalance in T2D, may have profound chronic effects on systemic oxidative stress and inflammation, which contribute to the cardiac morbidity in T2D. Acute effects of brainstem TRH-triggered sympathetic hyperactivation may interact with existing cardiovascular pathology in T2D, leading to nonischemic heart failure and cardiac mortality.
T2D is the world's fastest growing human disease with high morbidity and mortality rates, predominantly as a result of heart failure. Animal models provide the possibility to investigate the dysfunctional brainstem circuits involved in the mechanisms contributing to diabetic heart failure. GK rats have been reported to have hypertension and accelerated progression of heart failure following myocardial infarction. 47, 48 Left ventricular hypertrophy with enhanced activity of the myocardial Na/H exchanger, increased myofilament sensitivity to calcium concentration, and impaired energy metabolism resulting from cardiac mitochondrial alterations, in conjunction with insulin resistance, endothelial dysfunction, and perivascular inflammation, have all been found to contribute to the cardiovascular morbidity in GK rats. [48] [49] [50] [51] The absence of age-dependent reductions in HR variability suggested an autonomic dysfunction in GK rats. 52 The present study investigated brainstem mechanism of cardiovascular mortality in T2D and focuses on TRH, an critical signaling molecule involved in the control of sympathovagal coordination and the focus of our research for many years. 17, 23, 25 The initial dose of TRH-analog we investigated was set at 60 ng, which is substantially lower than the safe and non-life-threatening dose of 100 ng used in nondiabetic rats in previous studies. 29, 53 The 60 ng dose did not cause mortality or even significant change in HR and blood glucose in Wistar rats in the present study. Thereafter, the dose was decreased repeatedly when we encountered the lethal effects in GK rats, until we reached a dose (10 ng) that did not induce heart failure. Our findings provide evidence that dysfunction of neurocircuitry responsive to a brainstem neuropeptide can cause fatal cardiovascular outcome and establish a reliable animal model for investigating central mechanisms of cardiovascular dysfunction in T2D, especially those responsible for acute heart failure and sudden death. That high incidence of cardiovascular mortality in T2D GK rats following i.c. TRH-analog suggests a cardinal role of brainstem TRH in chronic and acute autonomic imbalance that is involved in the high cardiovascular mortality in T2D, albeit this is still to be confirmed in more diabetic and/or obese animal models. Correction of sympathetic hyperaction and avoiding stressful acute sympathetic activation, such as hypoglycemia and hyperthermia, should be an important strategy for the prevention of cardiovascular death in T2D.
